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The Y(4220) production in the process of pp¯ → Y(4220)π0 is studied within the effective Lagrangian ap-
proach. We first study the e+e− → Y(4220) → pp¯π0 reaction at center-of-mass energy 4.258 GeV with the
assumption that the Y(4220) is a ψ(4S ) state. We show that the inclusion of nucleon and nucleon resonance
leads to a quite good description of the experimental data of π0p and π0 p¯ invariant mass distributions. Then, the
total and angular distributions of the pp¯ → Y(4220)π0 reaction are investigated. It is shown that the nucleon pole
is dominant but the contributions from excited nucleon resonances are non-negligible. The pp¯ → Y(4220)π0 re-
action is useful for studying the property of Y(4220) and our calculated results may be tested at the forthcoming
PANDA experiments.
PACS numbers:
I. INTRODUCTION
The study of hadron structure and the spectrum of hadron
resonances is one of the most important issues and is attract-
ing much attention. Recently, more and more charmonium-
like states with quantum numbers JPC = 1−− were discov-
ered, such as Y(4008), Y(4230), Y(4260), Y(4360), Y(4630),
and Y(4660) [1]. In Refs. [2–5] these states were studied un-
der the hypothesis that they are the conventional vector char-
monium states. However, the unusual properties of some of
these states cannot be explained within the traditional quark
model [6–9]. In addition, the discovered vector charmonium
states are more than what the potential quark model predicted.
Therefore, further studies for these charmoniumlike states are
needed, such as the hybrid charmonium, tetraquarks or molec-
ular states [8, 9].
In 2015, the BESIII and Belle collaborations observed a
resonance structure around 4.23 GeV with a narrow width
in the processes of e+e− → ωχc0 [10] and e+e− →
π+π−ψ(2S ) [11], respectively. Similar results were also found
in e+e− → π+π−hc reaction [12, 13]. The mass and width of
the above observed state (we call it Y(4230) hereafter) is con-
sistent with the ψ(4S ) [5, 14]. Later, the decay of Y(4230)→
ωχc0 was studied by treating the Y(4230) as ψ(4S ) and the the-
oretical results are consistent with the experimental data [15].
Furthermore, a revisit study of the e+e− → π+π−ψ(2S ) re-
action [11] was done in Ref. [16] by including the ψ(4S ),
Y(4360) and Y(4660) resonances, where the mass and width
for the ψ(4S ) are obtained as 4243 MeV and 16 ± 31 MeV,
respectively.
In 2017, the BESIII collaboration reported a precise mea-
surement of e+e− → π+π−J/ψ reaction at center-of-mass
(c.m.) energies between 3.77 to 4.60 GeV [17]. Two resonant
structures are observed, one with a mass of 4222.0± 3.1± 1.4
MeV and a width of 44.1 ± 4.3 ± 2.0 MeV and the other
one with a mass of 4320.0 ± 10.4 ± 7.0 MeV and a width of
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101.4+25.3−19.7 ± 10.2 MeV. The first resonance, Y(4220), agrees
with the Y(4230) resonance reported by previous measure-
ments [10, 12, 13], while the second resonance is observed for
the first time in the process e+e− → π+π−J/ψ. The Y(4220)
resonance is also confirmed in the e+e− → π+π−hc reac-
tion [18], where the mass M = 4218.4+5.5−4.5 ± 0.9 MeV and
width Γ = 66.0+12.3−8.3 ± 0.4 MeV were obtained. On the the-
oretical side, one analysis of the recent experimental data on
the e+e− → π+π−J/ψ reaction [17] was done in Ref. [19],
where it was found that the Y(4220) must be introduced to
reproduce the detailed data around
√
s = 4.2 GeV of the
e+e− → π+π−J/ψ and e+e− → π+π−hc cross sections. Fur-
thermore, the possibility of Y(4220) as a charmonium ψ(4S )
was also discussed in Ref. [19]. There are also other studies as
in Refs. [5, 14, 20], which provide more evidence of Y(4220)
as ψ(4S ).
The study of charmoniumlike states in different production
processes supplies useful information on their properties. As
a forthcoming experiment to study the charmonium and char-
moniumlike XYZ states [21], the Darmstadt (PANDA) exper-
iment at AntiProton and Ion Research (FAIR) is an alterna-
tive platform to study the properties of Y(4220). In this work,
we propose to study the Y(4220) state in the low energy pp¯
annihilation within the effective Lagrangian approach. The
effective Lagrangian approach has been widely used to study
the charmonium production in pp¯ annihilation [22–29]. How-
ever, only the contribution from exchanged nucleon N was
considered in these previous works. The influence of excited
nucleon resonance N∗ may be also important [30–32]. Indeed,
in Ref. [32], the production of ψ(3770) and ψ(3686) in pp¯ an-
nihilation reaction was studied using the effective Lagrangian
approach, where the contributions from well-established ex-
cited nucleon resonances are also included. In this work, we
extend the work of Ref. [32] to study Y(4220) production. We
study the e+e− → pp¯π0 [33] to obtain the model parameters,
then we calculate the total and differential cross sections of
pp¯ → Y(4220)π0, which may be tested by the future experi-
ments. Our calculations can provide valuable information of
Y(4220) production at the future PANDA experiments.
This paper is organized as follow. First, the formalism of
the pp¯ → Y(4220)π0 is presented in Sec. II. Then in Sec. III,
2we fit the process e+e− → Y(4220) → pp¯π0 to experimental
data for obtaining unknown parameters. In Sec. IV, we show
the numerical results and make a detailed discussion. Finally,
the paper ends with the summary in Sec. V.
II. PRODUCTION OF Y(4220) IN THE pp¯ → π0Y(4220)
REACTION
The production of charmonium in the low energy pp¯ anni-
hilation process can be achieved by exchange intermediated
nucleon states with a light meson emission in the tree level.
In this work, we adopt the effective Lagrangian approach to
study the production of Y(4220) in the pp¯ → Y(4220)π0
reaction, where the contributions from nucleon pole N and
five excited nucleon resonances N(1440), N(1520), N(1535),
N(1650) and N(1720) are considered. The Feynman diagrams
of the pp¯ → Y(4220)π0 are depicted in Fig. 1, and the inter-
action vertices of N∗Nπ can be described by the following
effective Lagrangians [34–40],
LπNN = −
gπNN
2mN
N¯γ5γµτ · ∂µπN, (1)
LπNP11 = −
gπNP11
2mN
N¯γ5γµτ · ∂µπRP11 + h.c., (2)
LπNS 11 = −gπNS 11 N¯τ · πRS 11 + h.c., (3)
LπNP13 = −
gπNP13
mN
N¯τ · ∂µπRµP13 + h.c., (4)
LπND13 = −
gπND13
m2
N
N¯γ5γ
µτ · ∂µ∂νπRνD13 + h.c., (5)
where gN∗Nπ is coupling constant of N
∗, N and π particle field
and R represents the field of excited nucleon and τ is Pauli
matrix. In addition, the notations P11, S 11, P13 and D13 stand
for different nucleon states with JP = 1/2+, 1/2−, 3/2+ and
3/2−, respectively.
p(p1)
Y (p4)
p¯(p2)
pi(p3)
N∗(pt)
p(p1)
N∗(pu)
pi(p3)
p¯(p2)
Y (p4)
FIG. 1: The Feynman diagrams describing the process pp¯ →
Y(4220)π0. Left: t-channel exchange; right: u-channel exchange.
The Y stands for the Y(4220) state and N∗ represents nucleon pole
and the excited nuclear resonances.
For the Y(4220)N∗N interaction, we adopt the general cou-
pling form of vector meson and nucleon states [32]
LYNN = −gYNN N¯γµVµN, (6)
LYNP11 = −gYNP11 N¯γµVµRP11 + h.c., (7)
LYNS 11 = −gYNS 11 N¯γ5γµVµRS 11 + h.c., (8)
LYNP13 = −igYNP13 N¯γ5VµRµP13 + h.c., (9)
LYND13 = −gYND13 N¯VµRµD13 + h.c., (10)
where Vµ stands for the field of the Y(4220) state, and other
symbols are similar with those in the Lagrangian of N∗Nπ.
According to the above effective Lagrangian densities, the
scattering amplitude of process pp¯ → Y(4220)π0 with differ-
ent intermediate nucleon states can be derived by
M 1
2
+ =
gπNP11gYNP11
2mN
v(p2)ǫν(p4)
[
γ5(i/p3)
/pt + mN∗
t − m2
N∗
γνF (t)
+ γν
/pu + mN∗
u − m2
N∗
γ5(i/p3)F (u)
]
u(p1), (11)
M 1
2
− =gπNS 11gYNS 11v(p2)ǫν(p4)
×
[
/pt + mN∗
t − m2
N∗
γ5γ
νF (t) + γ5γν /
p
u
+ mN∗
u − m2
N∗
F (u)
]
u(p1),
(12)
M 3
2
+ =i
gπNP13gYNP13
mN
v(p2)ǫν(p4)
[
(ip3µ)
/pt + mN∗
t − m2
N∗
Gµν(pt)
× γ5F (t) + γ5 /
p
u
+ mN∗
u − m2
N∗
Gνµ(pu)(ip3µ)F (u)
]
u(p1),
(13)
M 3
2
− =i
gπND13gYND13
m2
N
v(p2)ǫν(p4)
[
γ5(−/p3)(p3µ)
/pt + mN∗
t − m2
N∗
×Gµν(pt)F (t) + /
p
u
+ mN∗
u − m2
N∗
Gνµ(pu)γ5(−/p3)
× (p3µ)F (u)
]
u(p1), (14)
where t = p2t = (p1 − p4)2 and u = p2u = (p1 − p3)2. F (t) and
F (u) are form factors for the t-channel and u-channel pro-
cesses, respectively, and Gµν(p) has the following expression
Gµν(p) = −gµν + 1
3
γµγν +
1
3mN∗
(γµpν − γνpµ) +
2pµpν
3m2
N∗
.(15)
It is worth noting that the form factors F (t/u) for the in-
termediate off-shell N or N∗ state are chosen as that used in
Refs. [41–44]
F (t/u) = Λ
4
N∗
Λ4
N∗ + (t/u − m2N∗ )2
, (16)
where the cutoff parameter ΛN∗ can be parametrized as
ΛN∗ = mN∗ + βΛQCD (17)
with mN∗ the mass of intermediate nucleon state and
ΛQCD=220 MeV, and the free parameter β is unknown, which
can be fixed by fitting experimental data.
Finally, based on the above scattering amplitude listed in
Eqs. (11)-(14), the general differential cross section of pp¯ →
Y(4220)π0 reads
dσ
du
=
1
16πs(s − 4m2p)
∣∣∣∣Mpp¯→Y(4220)π0
∣∣∣∣2 , (18)
Mpp¯→Y(4220)π0 =
∑
N∗
MN∗ , (19)
3where s = (p1 + p2)
2 is the invariant mass square of the pp¯
system.
Finally, we determine the coupling constants and the cut-
off parameter β, by fitting them to the recent BESIII’s mea-
surements of e+e− → pp¯π0 reaction at √s = 4.008 − 4.6
GeV [33]. In addition, for the parameter β, which is di-
rectly related to the form factor of the exchanged nucleon
state, it should not be the same for both pp¯ → Y(4220)π0 and
e+e− → Y(4220) → pp¯π0. Nevertheless, the hadronic form
factors in the effective Lagrangian approach are generally very
phenomenological [41–44] and related available experimen-
tal information, so we are temporarily unable to distinguish
the differences between form factors. We will employ consis-
tent β for both processes of e+e− → Y(4220) → pp¯π0 and
pp¯ → Y(4220)π0.
III. THE ANALYSIS OF THE e+e− → Y(4220) → pp¯π0
PROCESS
e−(k1)
e+(k2)
pi0(p4)
p¯(p3)
p(p2)
(a)
e+(k2)
e−(k1)
e+(k2)
e−(k1)
p(p2)
p¯(p3)
pi0(p4)
N¯∗(pt)
p(p2)
pi0(p4)
N∗(pu)
(b)
p¯(p3)
Y (p1) Y (p1)
FIG. 2: The Feynman diagrams for the process of e+e− → pp¯π0
in the vicinity of Y(4220). Diagram (a) indicates the contribution
of direct process and diagrams (b) stand for the process e+e− →
Y(4220) → pp¯π0.
The Feynman diagrams of e+e− → Y(4220) → pp¯π0 are
shown in Fig. 2 (b). For the γY(4220) coupling vertex, we
take the vector meson dominant model, where the correspond-
ing Lagrangian density can be expressed as [45]
LγV =
−eM2
V
fV
VµA
µ, (20)
where MV and fV are the mass and decay constant of vector
meson, respectively, and Vµ and A
µ correspond to the vector
meson field and photon field, respectively. The decay constant
fV can be determined by partial width of V → e+e−,
e
fV
=
 3ΓV→e
+e− M
2
V
α(M2
V
− 4m2e)3/2

1/2
, (21)
where α = 1/137 is the fine structure constant. Since
the information about the Y(4220) → e+e− is scarce, it is
necessary to rely on theoretical predictions. The value of
Γψ(4S )→e+e− = 0.97 keV is obtained from the color screened
potential model [5]. With this value we obtain e/ fψ(4S ) =
e/ fY(4220)=0.0097.
Besides, we consider also the direct background contribu-
tion which is shown in Fig. 2 (a). The direct scattering ampli-
tude of e+e− → pp¯π0 can be written as [46]
MNoR = gNoRv(k2)eγµu(k1)1
s
u(p2)γ
µγ5v(p3)FNoR(s) (22)
with gNoR the coupling constant and,
FNoR(s) = exp
−a

√
s −
∑
f
m f

2
 , (23)
where
∑
f
m f donates the sum of the mass of final states of
e+e− → pp¯π0. Here, the direct term provides two more free
parameters gNoR and a.
Then, the total scattering amplitude of e+e− → pp¯π0 can be
written as
Me+e−→pp¯π0 =MNoR + v(k2)eγµu(k1)
−gµν
s
eM2Y/ fY(4220)
× −gνρ + pYνpYρ/p
2
Y
s − M2
Y
+ iMYΓY
Mρ
Y(4220)→pp¯π0 (24)
with Mρ
Y(4220)→pp¯π0 =
∑
N∗
Mρ
N∗ , where M
ρ
N∗ donates the am-
plitude of each subprocess of e+e− → pp¯π0 with exchanged
nuclear state N∗ and these scattering amplitudes can be di-
rectly related to Eqs. (11)-(14) by making a series of follow-
ing substitutions1: p1 → p2, p2 → p3, p3 → p4, p4 → p1 and
pt → pu, pu → pt. In addition, the mass MY(4220) and width
ΓY(4220) are taken as 4222 MeV and 44.1 MeV by the recent
BESIII experiment [17], respectively.
The differential cross section of e+e− → pp¯π0 reads [47]
dσe+e−→pp¯π0 =
(2π)4
∑ |Me+e−→pp¯π0 |2
4
√
(k1 · k2)2
dΦ3 (25)
with phase space factor
dΦ3 =
1
8(2π)9
√
s
|~p∗3||~p2|dΩ∗3dΩ2dMp¯π, (26)
where the overline aboveM means the average over the spin
of initial states e+ and e− and the sum over the spin of the final
state p and p¯, and ~p∗
3
stands for the three-momentum of the
antiproton in the center-of-mass frame of the p¯π system and
Mp¯π is the invariant mass of p¯π.
Next, we perform nine parameters (six coupling constants
gN∗ = gY(4220)NN∗ gπNN∗ for a nucleon pole and five nucleon
1 See more details in Ref. [32].
4resonances, β, gNoR and a) χ
2 fit to the experimental data of
the invariant mass distributions of pπ0 and p¯π0 below 1.85
GeV at
√
s=4.258 GeV [33]. It is worth mentioning that the
coupling constants gY(4220)NN∗ and gπNN∗ always appear by the
form of both products in the scattering amplitude, hence we
cannot temporarily distinguish their separate values. For the
measured cross section data of invariant mass region beyond
1.85 GeV, there is a large contribution from higher excited
nucleon states, so we only focus on the experimental data be-
low 1.85 GeV, where the contributions of nucleon pole N and
five excited nucleon resonances N(1440), N(1520), N(1535),
N(1650) and N(1720) as well as direct background are dom-
inant. In addition, compared to the above nucleon states, the
influences of two higher spin nucleon resonance N(1675) with
JP = 5
2
−
and N(1680) with JP = 5
2
+
are found to be sup-
pressed, so they are not included in this work. The fitted cou-
pling constants gN∗ are shown in Table I, where the inputs for
the nucleon resonances are also shown.
TABLE I: The resonant parameters of nucleon pole and relevant ex-
cited nucleon states and their corresponding fitted coupling constants
gN∗ , which is identical to gY(4220)NN∗gπNN∗ . The mN∗ and ΓN∗ are taken
the average value from PDG [1].
N∗ JP mN∗ (MeV) ΓN∗ (MeV) gN∗ (×10−3)
N(938) 1
2
+
938 0 66.55 ± 13.14
N(1440) 1
2
+
1430 350 28.13 ± 11.42
N(1520) 3
2
−
1515 115 13.72 ± 3.90
N(1535) 1
2
−
1535 150 2.44 ± 1.30
N(1650) 1
2
−
1655 140 1.60 ± 0.88
N(1720) 3
2
+
1720 250 1.72 ± 0.72
The fitted invariant mass distributions of p¯π0 and pπ0 are
shown in Fig. 3, where the experimental data are taken
from Ref. [33]. The data have been converted by the re-
sults of differential cross section dσ/Mp¯π0 with measured to-
tal cross section σtot=3.08 pb at
√
s=4.258 GeV [33]. The
fitted χ2/d.o. f = 0.66 is obtained with parameters gNoR =
0.87 ± 0.34, a = 0.646 ± 0.026 and β = 6.74 ± 3.46, and the
remaining coupling constants gN∗ are all listed in Table I. The
theoretical results can describe the experimental data quite
well. In Fig. 3, the gray-dashed line represents the contribu-
tions of direct background which is shown by Fig. 2 (a), and
the red-dashed line stands for the nucleon pole contributions,
while the other color curves correspond to the contributions
from different excited nucleon resonances. From Fig. 3 we
see that the contributions of direct process are the largest and
the contributions from the nucleon pole are relatively mod-
erate and become stable in the invariant mass region beyond
1.3 GeV. In addition, an obvious peak around 1.52 GeV is
mainly because of the contributions from N(1440), N(1520)
and N(1535) resonances. Finally, we find that the contribu-
tions from N(1650) and N(1720) resonances are relatively
small, especially for the N(1720) state whose resonant peak
structure is nearly disappeared.
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FIG. 3: The fitted invariant mass distributions of p¯π0 (upper panel)
and pπ0 (lower panel) of the process e+e− → pp¯π0 at √s = 4.258
GeV by utilizing recent BESIII measurements [33].
IV. THE TOTAL CROSS SECTIONS AND ANGULAR
DISTRIBUTIONS OF pp¯ → π0Y(4220)
In this section, based on the studies of e+e− → Y(4220) →
pp¯π0, we investigate the production of Y(4220) in the pp¯ →
Y(4220)π0 reaction.
With those coupling constant gN∗ and cutoff β have been
determined by fitting process e+e− → pp¯π0, we can calcu-
late the total cross sections and angular distributions of the
pp¯ → Y(4220)π0 reaction. The numerical results of the total
cross sections as a function of the c.m. energy
√
s are shown
in Fig. 4, where the black-solid line stands for the total results,
while the red-dashed curve and other color line correspond to
the contributions from the nucleon pole and different excited
nuclear states, respectively. From Fig. 4, it is found that the
contribution from nucleon pole is dominant and the total cross
section is increasing rapidly at small
√
s and it tends to flat at
high
√
s, where the contributions from excited nucleon res-
onances are also important. In addition, it is quite interest-
ing that the results of the excited nucleon states with different
quantum numbers JP perform very different behavior. The
5trend of N(1440) is exactly the same with the nucleon pole
and the curve of N(1535) and N(1650) with JP = 1
2
−
show-
ing a decreasing trend, while others increase very fast, and the
contribution from N(1520) resonance becomes more signifi-
cant at
√
s > 5.2 GeV, which is comparable with the nucleon
pole.
FIG. 4: The total cross sections of pp¯ → Y(4220)π0 as a function of√
s.
The angular distributions, dσ/dcosθ = 2|~p1||~p3|dσ/du, of
the pp¯ → Y(4220)π0 reaction are also calculated and the re-
sults are shown in Fig. 5. The θ is the angle of outgoing π0
relative to the ingoing proton beam in the c.m. frame. In
Fig. 5, the different color curves stand for six c.m. energy
points from 4.5 to 5.5 GeV. It is find that the angular distribu-
tions are symmetry at forward and backward angles, which is
because the contributions from u-channel and t-channel have
the same weights. Meanwhile, the differential cross section
of pp¯ → Y(4220)π0 near θ = 90◦ remains a relatively stable
value when
√
s is larger than 4.9 GeV. On the other hand, there
are small bump structures at cosθ = 0.94 and −0.94 when the
c.m. energy is set as 4.5 GeV.
FIG. 5: The angular distributions of pp¯ → Y(4220)π0 with the con-
tributions from both nucleon pole and excited nucleon resonances.
To show the effect from the nucleon pole, we perform a
calculation of the angular distributions from only the nucleon
pole and the numerical results are given in Fig. 6. From Figs. 5
and 6, we can see that the shapes of the angular distributions
of the nucleon pole and the total contributions are much dif-
ferent. We hope that this feature may be used to determine the
reaction mechanisms of p¯p → Y(4220)π0 reaction by future
experimental analysis.
FIG. 6: The angular distributions of pp¯ → Y(4220)π0 with the
contributions from the nucleon pole alone.
V. SUMMARY
Recently, the BESIII collaboration made progress on
searching for vector charmoniumlike states. By analyzing the
e+e− → J/ψπ+π− reaction at center-of-mass energy √s =
3.77 − 4.60 GeV [17], BESIII indicated that there exist two
charmoniumlike structures Y(4220) and Y(4330). Y(4220)
also exists in the e+e− → hcπ+π− process [18]. Stimulated
by the observation of charmoniumlike state Y(4220), in this
work we study the production of newly observed charmo-
niumlike state Y(4220) [17, 18] via the low energy pp¯ →
Y(4220)π0 reaction. For presenting the information of total
cross section and the corresponding angular distributions of
the pp¯ → Y(4220)π0 process which is useful to experimen-
tal study, we adopt the effective Lagrangian approach, where
we consider intermediate nucleon resonance contributions to
pp¯ → Y(4220)π0 and Y(4220) is treated as charmonium
ψ(4S ) [15]. In the concrete calculation, some input parame-
ters like coupling constants and cutoff can be fixed by the data
of e+e− → pp¯π0 at √s = 4.258 GeV suggested in Ref. [32].
Our study also indicates that the nucleon pole has a domi-
nant contribution in the pp¯ → Y(4220)π0 reaction. Addition-
ally, we also find that the contributions from other five well-
established excited nucleon resonances N(1440), N(1520),
N(1535), N(1650) and N(1720) cannot be ignored, since these
intermediate excited nuclear states have a sizable contribu-
tion to the behavior of the cross section. Thus, the forthcom-
ing PANDA experiment has potential to carry out the study
of production of charmoniumlike state Y(4220) through the
6pp¯ → Y(4220)π0 reaction, which may provide new way to
establish Y(4220) in the future.
Until now, the vector charmonium family has not been well
established [1]. It is obvious that the present work is useful
for informing additional experimental efforts to fully define
the spectroscopy of the J/ψ system in the 4 − 5 GeV mass
region. Here, the PANDA experiment will be an important
platform to achieve this goal.
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